The ULCOS blast furnace process aims at reducing the CO 2 emission of the blast furnace by 50% in two steps: 
THE ULCOS PROJECT
ULCOS stands for Ultra Low CO2 Steelmaking. This 45 million-e project is an initiative of a consortium of European steel companies: ArcelorMittal, Corus, ILVA, LKAB, Saarstahl-Dillinger Hütte, ThyssenKrupp Steel, Voestalpine Stahl, Ruukki and SSAB. Their aim is to decrease the CO 2 emissions of the steel industry by more than 50%.
Among the numerous ideas originally studied to reach this objective (1, 2) , the four most promising solutions have been identified in the fields of blast furnace, direct reduction, smelting reduction and electrolysis.
In the blast furnace field, the retained project consists in a modification of the process to reduce CO 2 emission by 50% in two steps:
l Decrease of carbon consumption by top gas recycling; l Underground storage of CO2.
Sustainable biomass can be used as a complement.
To study the new process, a research team has been built with engineers from:
l All the steel companies of the ULCOS consortium; Cette équipe a fait des études théoriques fondées sur des modèles mathématiques et a effectué de nombreux travaux de laboratoire ainsi que des essais à l'échelle pilote.
Mais pour démontrer la faisabilité du nouveau procédé, il était nécessaire d'expérimenter le concept en entier à l'échelle pilote. Ce fut l'objet d'une campagne de 6 semaines au haut-fourneau expérimental de LKAB à Luleå (Suède).
Les objectifs des essais étaient les suivants:
l Démontrer qu'il est possible de faire fonctionner le hautfourneau avec l'ensemble du procédé ULCOS en versions En comptabilisant l'énergie supplémentaire à fournir dans l'usine pour compenser la diminution de gaz de hautfourneau, ceci correspond à une économie nette d'environ 65% du CO2 émis jusqu'au laminage à chaud.
En conclusion, il a été possible de faire fonctionner le haut-fourneau expérimental avec l'ensemble du procédé ULCOS et d'obtenir de bons résultats. Ces essais peuvent être considérés comme un grand succès. 
THE ULCOS BLAST FURNACE PROCESS
At the blast furnace, the project consists in recycling most of the top gas after CO 2 removal and reheating.
To avoid nitrogen accumulation due to recycling, the blast is replaced by pure oxygen (fig. 1 ).
Three different "versions" can be considered:
l Version 4, the treated gas is recycled at 1250 °C through the main tuyeres and at 900 °C through additional tuyeres located in the lower stack, which means above the cohesive zone;
l Version 3, the gas is recycled through the main tuyeres only;
l Version 1 has the same flow sheet as version 4 but the gas recycled at tuyeres is cold.
The expected carbon savings are the following:
l 24% in version 3;
l 26% in version 4.
The expected ecological benefits include a decrease of CO 2 emission at the blast furnace by about 24%, the concentration of CO 2 effluents (facilitating underground storage, which should result in a CO 2 mitigation of 60%), a lower coke consumption (around 100 kg/thm) and a better sustainability of energy resources due to the decrease in fossil carbon. The expected industrial benefits include a lower (coke+coal) consumption (around 110 kg/thm) and a potential increase of blast furnace productivity (20% or more).
OBJECTIVES OF THE EXPERIMENTAL BF TRIALS
Within the research team, a lot of work has been done to study the ULCOS BF process.
Let's mention theoretical studies using mathematical models:
l Heat and mass balance models;
l Model of the BF internal state;
l Tuyere and raceway model.
Laboratory investigations allowed appreciating the burden behaviour in terms of:
l Hot degradation;
l Softening-melting.
Other laboratory studies aimed at finding the best way to heat-up the CO-rich recycled gas.
Gasification tests at laboratory and pilot scales provided the information required for the design of the tuyeres.
But to get really convinced of the feasibility of this new process, it was necessary to test the whole concept at pilot scale. This was made during a 6-week campaign at the LKAB experimental BF in Luleå (Sweden) ( fig. 2 ). 
BLAST FURNACE
The objectives of the trials were the following:
l To demonstrate that it is possible to operate the EBF under the full Top Gas Recycling process in versions 3 and 4: pure oxygen at tuyeres, top gas decarbonatation in a VPSA plant, recycling of the decarbonated top gas at tuyeres (version 3) and at tuyeres + lower stack (version 4).
l To maximize the volume of recycled top gas in version 4 in order to minimize the CO 2 emission.
l To compare the results with the model predictions.
EQUIPMENT FOR THE TRIALS
The LKAB Experimental Blast Furnace (EBF) is installed at the MEFOS research centre in Luleå, Sweden (3, 4 Figure 3 shows a 3 dimensional view of the plant, where we can see:
l The connections with the EBF;
l The top gas compressor;
l The four columns for gas adsorption;
l The tail gas vacuum pump;
l The buffer vessel containing the treated gas ready for injection.
THE TRIALS
The trials covered 6 weeks in autumn 2007. The workforce was provided by LKAB and MEFOS and by engineers from the research group described before.
The production rate has been kept constant at 1.5 t/h. The PCI rate was fixed at 130, 150 and 170 kg/thm. After a conventional start-up and a reference period, the decarbonated top gas was recycled at the main tuyeres only (fig. 4) . Then, the gas was recycled both at main tuyeres and in the lower stack. At the end of the trials, the EBF has been quenched with nitrogen for the analysis of its internal state.
RESULTS

Blast furnace operation
No safety issue has been recorded. The productivity has been maintained constant. The blast furnace operation was very stable with:
l A smooth burden descent;
l A good hot metal quality;
l A high thermal stability.
Nearly no equipment failure occurred. The blast furnace recovery after shutdowns was easy.
As illustrated in figure 5 , the savings in (coke+coal) were depending on the total volume of recycled gas:
l Version 3, up to 78 kg/thm has been saved at a recycling ratio of 72%;
l Version 4, up to 123 kg/thm has been saved at a recycling ratio of 90%.
Recycling ratios up to 90% were experienced. No carbon deposition occurred. The highest carbon savings at the blast furnace were the following:
l Version 3, 15% (at recycling ratio of 72% and PCI of 130 kg/thm).
l Version 4, 24% (at recycling ratio of 90% and PCI of 170 kg/thm).
In figure 6 , the blue and red curves represent the carbon savings predicted by heat and mass balance calculations using the data of two reference periods of the EBF available before the trials. The green points represent the actual results obtained during the ULCOS campaign. The results are in good agreement with the calculations, which demonstrates the ability of the heat and mass balance models to predict the results of the ULCOS blast furnace process.
BLAST FURNACE
Results of the VPSA plant
The VPSA processed up to 97% of the blast furnace top gas. The operation was smooth and without failure. It always provided the required gas amount and quality. Indeed, the average CO 2 content of the injected gas was 2.67%, well below the required value of 3%. The CO recovery was 88%.
Reduction of CO2 emission
With the VPSA processing a little more top gas than strictly needed for the blast furnace operation, the reduction of CO 2 emissions ( fig. 7 ) ended up to 1270 kg/thm, which represents 76% of the CO2 emitted during the reference period. This is resulting from 24% reduction at the furnace by gas recycling plus 52% reduction at the VPSA (considering that the extracted CO 2 could be stored underground). Figure 8 shows how the reduction of CO2 emission is depending on the quantity of treated gas injected at the blast furnace. For the whole steelmaking plant, at the level of the hot rolled coil, this should result in a CO 2 -savings of around 65%, taking into account the extra energy required to compensate for the decrease in export gas.
CONCLUSIONS
It has been possible to operate the EBF with the full ULCOS blast furnace process. No safety issue has been recorded. The EBF and VPSA operations were smooth with good results. The CO 2 savings at the blast furnace plant was up to 1270 kg/thm, which represents 76% of the reference: 24% at the furnace by recycling most of the top gas; 52% at the VPSA. For the whole steelmaking plant, at the level of the hot rolled coil, this should result in a net CO 2 savings of around 65%. The EBF trials can be considered as a great success.
FURTHER STEPS
In the near future, we intend to perform two new campaigns at the experimental blast furnace:
l One to test versions 1 and 3;
l One to optimize the best version. When the underground storage of CO 2 will be possible, we will then be ready for a complete demonstration on a pilot blast furnace of industrial size.
